INTRODUCTION
Normal haemostasis requires proper regulation of platelet activation and subsequent adhesion of platelets to each other and to the extracellular matrix; dysregulation of these events results in bleeding or predisposes for the development of thrombosis [1] . Platelets can be activated by several different classes of agonist receptor, including heterotrimeric GPCRs (G-protein-coupled receptors) for ADP, epinephrine, serotonin, thrombin and TXA 2 (thromboxane A 2 ), and receptors that are coupled to the ITAM (immunoreceptor tyrosine-based activation motif)-containing FcR γ -chain, which include the GPIb/V/IX receptor for VWF (von Willebrand factor), the GPVI collagen receptor, and the Fcγ receptor for IgG immune complexes [2] [3] [4] [5] [6] . Agonist-induced platelet activation results in activation of the platelet-specific integrin, α IIb β 3 , which binds fibrinogen and VWF, and enables platelet aggregation [7] . SFKs (Src family kinases) have been shown to play important roles in platelet activation, aggregation and adhesion [8] [9] [10] [11] . Platelets express six SFKs, including p60 Src [12] [13] [14] [15] , p59
Fyn [14] [15] [16] [17] , p56 Lck [15, 17] , p62 Yes [15, 18] , p55
Fgr [15] and p53/56 Lyn [16, 17] . Among these, p59 Fyn and p53/56
Lyn are involved in signal transduction by the GPVI-FcR γ -chain collagen receptor complex [8] , whereas p60 Src plays an important role in α IIb β 3 -mediated signal transduction [11] .
SFKs are composed of an N-terminal SH (Src homology) 3 domain, an SH2 domain, a kinase (SH1) domain and a C-terminal regulatory domain [19] . In resting cells, SFKs are maintained in an inactive conformation via two intramolecular interactions that include binding of the SH3 domain to a polyproline type II helix [20] , and binding of the SH2 domain to a phosphotyrosine residue in the C-terminal regulatory domain [21] [22] [23] [24] . SFKs are primed by dephosphorylation of the C-terminal inhibitory phosphotyrosine residue, which is carried out by CD45 in most haematopoietic cells and by receptor protein tyrosine phosphatase α in platelets and non-haematopoietic cells [25, 26] . Primed SFKs are fully activated by auto-phosphorylation (in trans) of a tyrosine residue located within the catalytic domain [26] . Maintenance of SFKs in, or their return to, an inactive state requires phosphorylation of the C-terminal inhibitory tyrosine residue in the SFK by Csk (Cterminal Src kinase), or the related kinase Chk (Csk homologous kinase), causing the SFK to fold back up on itself in an inactive conformation [27, 28] . Csk, which is normally present in the cytosol of resting cells, is brought into proximity with the SFKs it regulates via binding of its SH2 domain to a phosphotyrosine residue in a Csk-binding protein.
The identities of Csk-binding proteins and their roles in regulating SFK activity in platelets have not been characterized completely. Previous studies in other cell systems have shown that the adapter protein, paxillin, can participate in feedback inhibition of nearby SFKs by recruiting Csk [29] [30] [31] [32] [33] [34] . Paxillin is a member of a family of proteins that includes three alternatively spliced forms of paxillin (paxillin α, β and γ ), Hic-5 (hydrogen peroxide-inducible clone-5) and leupaxin [35, 36] . Interestingly, whereas human megakaryocytes express paxillin but not other members of the paxillin family, mature human platelets express only Hic-5 [37, 38] . Previous studies have shown that tyrosine phosphorylation of Hic-5 supports the binding of the SH2 domain of Csk [38, 39] and that Hic-5 becomes tyrosine phosphorylated in activated human platelets [38] ; nevertheless, the extent to which tyrosine phosphorylated Hic-5 binds Csk and regulates SFK activity in platelets is not known. Consequently, in the present study, we sought to characterize the conditions under which Hic-5 becomes tyrosine phosphorylated and recruits Csk in human platelets, to identify the SFKs that are regulated by Hic-5-Csk complexes and to elucidate the extent to which similar events regulate SFK activity in murine platelets. Our results show that Hic-5 in human platelets, and paxillin in murine platelets, function as Csk-binding proteins that regulate the activity of Lyn upon induction of platelet aggregation.
MATERIALS AND METHODS

Materials
All chemicals were obtained from Sigma unless indicated otherwise. CRP (collagen-related peptide) and RGDW peptide were synthesized in the Protein Chemistry Laboratory of the Blood Research Institute. The antibodies used for immunoprecipitation and Western blotting experiments were as follows: mouse anti-chicken paxillin (clone 349; BD Biosciences), rabbit anti-(phospho-Lyn-Tyr 507 ) (Cell Signaling Technology), rabbit anti-Csk (C-20), rabbit anti-Hic-5 (H75), rabbit anti-Src (N-16), rabbit anti-Fyn (Fyn-3) and rabbit anti-Lyn (44) from Santa Cruz Biotechnology. HRP (horseradish peroxidase)-conjugated mouse anti-phosphotyrosine (clone PY20) antibody was purchased from Zymed Laboratories. HRP-conjugated, whole IgG and Fc-specific donkey anti-mouse and anti-rabbit secondary antibodies were purchased from Jackson Immunoresearch Laboratories.
Preparation of platelets
Washed human platelets from healthy volunteers and murine platelets from C57/Bl6 mice were obtained and prepared essentially as described previously [40] . White blood cell contamination in washed platelet preparations was undetectable using an automated cell counter, which can detect a single white blood cell per 10 4 cells/ml.
Stimulation of platelets under stirring conditions
Washed human and murine platelets were resuspended at a concentration of 5 × 10 8 /ml in Tyrodes buffer [20 mM Hepes, pH 7.4, 137 mM NaCl, 2.5 mM KCl, 13.8 mM NaHCO 3 , 0.36 mM NaH 2 PO 4 , 5.5 mM glucose and 0.25 % BSA (ICN Biomedicals)]. Platelet suspensions (500 µl) were stimulated with 1 µg/ml of CRP (for human platelets) and 0.25 µg/ml of CRP (for murine platelets) for the indicated times under stirring conditions at 37
• C in the presence of 1 mM CaCl 2 . Platelets stirred under the same conditions without any agonist served as a control. RGDW peptide (2 mM for human platelets and 4 mM for murine platelets) and 5 mM EDTA were included to block binding of released fibrinogen to the platelet-specific integrin, α IIb β 3 , on CRP-stimulated platelets. Reactions were stopped by adding an equal volume of 2× lysis buffer [100 mM Tris/HCl, pH 7.6, 300 mM NaCl, 2 % (v/v) Triton X-100] containing 4× proteaseand phosphatase-inhibitor cocktail sets I and II respectively (EMD Biosciences).
Immunoprecipitation and Western blotting
Immunoprecipitation, Western blotting and detection of proteins were performed essentially as described previously [40] . Briefly, immunoprecipitated proteins were resolved by SDS/PAGE (7.5 % gels) under reducing conditions, electroblotted on to PVDF membranes (Millipore) and detected by Western blotting using Supersignal West Pico chemiluminescent reagent (Pierce). For reprobing, the membranes were stripped by prewarmed (56 • C) 200 mM glycine/HCl buffer (pH 3.0) for four 15 min washes, and then rinsed three times for 1 min in deionized water before re-blocking and re-probing with the indicated antibodies.
GST (glutathione S-transferase)-Csk-SH2 pull-down assay
Creation of the GST fusion protein containing the SH2 domain of Csk (GST-Csk-SH2), which was used to pull down and identify Csk-binding proteins in cells, has been described elsewhere [41, 42] . In the present study, platelet lysates were prepared as described above and incubated with 30 µg of GST protein for 2 h at 4
• C, followed by two incubations for 1 h each with 50 µl of a 50 % slurry of glutathione-Sepharose beads (Amersham) to remove GST and any platelet proteins that might adhere to GST. Precleared lysates were incubated on a rocker with 30 µg of GST-Csk-SH2 protein overnight at 4
• C, after which 50 µl of a 50 % slurry of glutathione-Sepharose beads was added and the suspensions were allowed to rotate for a further 1 h at 4
• C. The beads were washed three times with 1× lysis buffer and resuspended in SDS/PAGE sample buffer, before being resolved by SDS/PAGE (7.5 % gels) under reducing conditions and then electroblotted on to PVDF membranes. The membranes were blocked overnight with 3 % (w/v) BSA in Tris-buffered saline containing 0.1 % Tween-20 and probed with anti-phosphotyrosine-HRP (PY20), anti-paxillin or anti-Hic-5 antibody and the binding was detected by chemiluminescence as described above. The molecular masses of the tyrosine-phosphorylated proteins detected in the PY20 immunoblot were estimated using Kodak 1D imaging software (Scientific Imaging Systems).
RESULTS
Hic-5 is the only paxillin family member in human platelets, whereas murine platelets express both Hic-5 and paxillin
Hic-5 has been reported to be the only member of the paxillin family that is expressed in mature human platelets [37, 38] . Murine platelets are often used to provide mechanistic insights into signal transduction pathways that operate during adhesion, secretion, aggregation and formation of thrombi by human platelets. Therefore we sought to determine whether murine platelets express the same complement of paxillin family members as human platelets. Western blot analysis of human and murine platelet lysates using an antibody specific for human Hic-5 ( Figure 1A ) confirmed the presence in human platelet lysates of a single band with an apparent molecular mass of 53 kDa, which is the expected molecular mass of Hic-5. This band was not detected in murine platelets, indicating either that the anti-(human Hic-5) antibody does not cross-react with murine Hic-5 or that Hic-5 is not expressed in murine platelets. Western blot analysis of human and murine platelet lysates using an anti-paxillin antibody revealed the presence of a single band that migrated with an apparent molecular mass of 53 kDa in human platelets, and of three bands that migrated with apparent molecular masses of 68, 53 and 45 kDa in murine platelets ( Figure 1B) , which are the predicted molecular masses of paxillin, Hic-5 and leupaxin respectively. These results demonstrate that murine and human platelets express a different complement of paxillin family members. Specifically, murine platelets express three members of the paxillin family, including paxillin, Hic-5 and leupaxin, whereas human platelets express only Hic-5.
Hic-5 in human platelets and paxillin, predominantly, in murine platelets function as aggregation-dependent Csk-binding proteins
After confirming the results of a previous report [38] that Hic-5 becomes tyrosine phosphorylated in human platelets activated by CRP (Figure 2A ), which activates platelets specifically via the GPVI-FcRγ -chain collagen receptor complex, we sought to determine which of the complement of paxillin family members expressed in murine platelets become tyrosine phosphorylated upon activation. As shown in Figure 2 (B), both paxillin and Hic-5, but not leupaxin, became tyrosine phosphorylated following CRPinduced platelet aggregation.
Previous studies in cells other than platelets have shown that tyrosine phosphorylation of paxillin [29] [30] [31] [32] [33] [34] and Hic-5 [39, 43] supports binding of Csk via its SH2 domain. To determine the ability of paxillin and/or Hic-5 to bind to Csk in platelets, the proteins were immunoprecipitated from resting and CRP-aggregated human and murine platelets. The presence of co-immunoprecipitated Csk and the tyrosine phosphorylation state of the immunoprecipitated paxillin family members were assessed by Western blot analysis using anti-Csk-and anti-phosphotyrosinespecific antibodies respectively. As shown in Figure 3 , increased amounts of Csk co-immunoprecipitated with Hic-5 from aggregated compared with the resting human platelets, which was coincident with increased Hic-5 tyrosine phosphorylation ( Figures 3A and 3B) . Similarly, increased amounts of Csk coprecipitated with paxillin/Hic-5 from aggregated compared with resting murine platelets, consistent with increased levels of paxillin tyrosine phosphorylation ( Figures 3C and 3D ). These results indicate that Hic-5 in human platelets, and either paxillin or Hic-5 in murine platelets, function as Csk-binding proteins during platelet aggregation.
Because the anti-paxillin antibody used for these studies recognizes murine paxillin and Hic-5 equally well in murine platelets, and because the human Hic-5-specific antibody fails to recognize murine Hic-5, it was not possible to use immunoprecipitation to determine the extent to which Csk binds to paxillin compared with Hic-5 in murine platelets. Therefore, we made use of a GST fusion protein containing the SH2 domain of Csk (GST-Csk-SH2) [41, 42] to pull down Csk-binding proteins from lysates of Lysates were prepared and subjected to immunoprecipitation with an antibody raised against paxillin that also cross reacts well with Hic-5 and leupaxin. As a control, lysates from platelets stirred without CRP were subjected to immunoprecipitation with normal mouse immnunoglobulin (NMIg). Immunoprecipitates (IP) were immunoblotted (IB) with a phosphotyrosine-specific antibody (PY) as described in the Materials and methods section.
resting and CRP-aggregated human and murine platelets. Paxillin family members that co-precipitated with the GST-Csk-SH2 fusion protein were identified by Western blot analysis using the anti-paxillin antibody that cross-reacts with human and murine Hic-5 and leupaxin. As shown in Figure 4 (A), GST-Csk-SH2 pulled down Hic-5 from lysates of CRP-aggregated, but not resting, human platelets. In contrast, although paxillin and Hic-5 were both abundantly expressed ( Figure 4B , right-hand lane), the GST-Csk-SH2 domain construct strongly precipitated paxillin, but only weakly precipitated Hic-5, from lysates of aggregated murine platelets ( Figure 4B , middle lane). These results suggest that Hic-5 functions as a Csk-binding protein in aggregated human platelets, where it is the only member of the paxillin family member present, but that Csk binds preferentially to paxillin in aggregated murine platelets, which contain both paxillin and Hic-5.
Lyn, constitutively associated with paxillin and Hic-5, is regulated by Csk recruitment
The SH3 domain of Src has been shown to interact constitutively with proline-rich regions of paxillin [44] . To determine whether any of the SFKs that are involved in signal transduction pathways that control platelet activation and aggregation are associated with Hic-5 in human platelets, or with paxillin and Hic-5 in murine Lysates were precleared by incubating with GST conjugated to glutathione-Sepharose beads to remove non-specific binding proteins and the GST-Csk-SH2 pull-down was performed as described in the Materials and methods section. Paxillin family members associated with GST-Csk-SH2 fusion protein (left-hand panels) and those present in platelet lysates (right-hand panels) were analysed by immunoblotting (IB) with anti-human Hic-5 (A) or with an anti-paxillin antibody that cross-reacts with Hic-5 and leupaxin (B). platelets, Hic-5 and paxillin/Hic-5 were immunoprecipitated from resting or CRP-aggregated human and murine platelets respectively, and Western blot analysis of co-immunoprecipitated proteins was performed using specific antibodies against the SFKs: p60 Src , p59 Fyn and p53/56 Lyn . As shown in Figure 5 , all three of these SFKs were present in lysates of human ( Figure 5A ) and murine ( Figure 5B ) platelets. However, only p53/56
Lyn co-immunoprecipitated with Hic-5 from human platelets ( Figure 5A ), and with paxillin and Hic-5 from murine platelets ( Figure 5B ), whereas Lyn failed to co-immunoprecipitate with a non-specific control antibody from the same lysates (results not shown). Interestingly, the interaction of Lyn with Hic-5 in human platelets and with paxillin/Hic-5 in murine platelets was not affected by the state of platelet activation.
In other cell systems, recruitment of Csk to tyrosine-phosphorylated paxillin results in feedback inhibition of nearby SFKs via Csk-mediated phosphorylation of the SFK C-terminal inhibitory tyrosine residue [29] [30] [31] [32] [33] [34] . To determine whether recruitment of Csk to tyrosine-phosphorylated paxillin and Hic-5 in aggregated murine and human platelets respectively, results in feedback inhibition of associated p53/56
Lyn , Hic-5 or paxillin/Hic-5 immunoprecipitates from human and murine platelets were subjected to Western blot analysis using an antibody that specifically reacts with the phosphorylated form of the C-terminal inhibitory tyrosine residue (Tyr 507 ) of p53/56 Lyn (pLyn 507 ). We found that phosphorylation of Tyr 507 on paxillin/Hic-5-associated p53/56
Lyn molecules coincided with recruitment of Csk to tyrosine phosphorylated Hic-5 in human platelets ( Figure 6A ) and paxillin in murine platelets ( Figure 6B ). These results demonstrate that Hic-5 in human platelets, and paxillin in murine platelets, function as Csk-binding proteins that negatively regulate that activity of the associated SFK, p53/56 Lyn , during the platelet aggregation process. Finally, because previous studies [38] have shown that tyrosine phosphorylation of Hic-5 is dependent on activation of outside-in signalling by the platelet integrin α IIb β 3 , we repeated these experiments in the presence of the RGDW peptide and the calcium chelator EDTA, which together effectively block binding of soluble fibrinogen to the α IIb β 3 complex. As shown in the righthand lanes of Figures 6(A) and 6(B) , both Csk recruitment to Hic-5 (in human platelets) or paxillin (in murine platelets) and Csk-mediated inactivation of Lyn require prior integrin engagement. These results demonstrate that the paxillin family members Hic-5 in human platelets and paxillin and Hic-5 in murine platelets become tyrosine phosphorylated and function as Csk-binding proteins that regulate the activity of Lyn in an aggregationdependent manner. Additional studies performed using unstirred murine platelets stimulated with fibrinogen in the presence of MnCl 2 to directly activate α IIb β 3 revealed that fibrinogen binding to activated α IIb β 3 does not induce tyrosine phosphorylation of Hic-5 in human platelets ( Figure 7A ), but is sufficient to induce paxillin and Hic-5 tyrosine phosphorylation and Csk association in murine platelets ( Figures 7B and 7C ). These findings indicate that the mechanisms by which paxillin family members become activated and function as Csk-binding proteins in human and murine platelets may have fundamental differences.
DISCUSSION
The haemostatic function of platelets requires the co-ordination and integration of multiple signalling pathways. Platelet responses are initiated by the integrin-independent binding of soluble and insoluble agonists to their receptors, and are amplified by subsequent integrin-dependent aggregation following binding of fibrinogen to activated α IIb β 3 . SFKs play pivotal roles in signal transduction by certain agonist receptors, and in α IIb β 3 -mediated signal transduction. Therefore the pathways that contribute to regulation of SFK activity determine the extent and outcome of platelet activation.
Csk is an important regulator of SFK activity [27] ; however, the Csk-binding proteins that recruit Csk to sites of SFK activity in platelets have not yet been characterized. Whereas paxillin has been shown to function as an important Csk-binding protein that regulates SFK activity in other cells [29] [30] [31] [32] [33] [34] , the ability of the paxillin family member Hic-5, which substitutes for paxillin in human platelets [37, 38] , to function as a regulator of SFK activity has not been characterized previously. The purpose of the present study was therefore to identify paxillin family members in human and murine platelets and to characterize their potential to function as Csk-binding proteins that regulate SFK activity during platelet activation. We found that, whereas human platelets express only Hic-5, murine platelets express three members of the paxillin family, including paxillin, Hic-5 and leupaxin. We established that Hic-5 in human platelets, and both Hic-5 and paxillin in murine platelets, become tyrosine phosphorylated upon induction of platelet aggregation. However, whereas Hic-5 functions as a Csk-binding protein in human platelets, paxillin is the predominant Csk-binding protein in murine platelets. The SFK Lyn, but not Src or Fyn, is constitutively associated with these paxillin family members in resting and GPVI-activated human and murine platelets; however, phosphorylation of Hic-5/paxillinassociated Lyn on its C-terminal inhibitory tyrosine residue was observed only upon recruitment of Csk to tyrosine-phosphorylated paxillin family members, all of which required integrin engagement.
Our finding that murine platelets express paxillin, Hic-5 and leupaxin, whereas human platelets express only Hic-5, reveals a fundamental difference between the platelets of these oftenstudied species. Previous studies have shown that, in humans, megakaryocytes and megakaryocyte-derived cell lines express paxillin and trace amounts of Hic-5, but the pattern of expression of paxillin family members switches such that mature human platelets express only Hic-5 [37, 38] . To our knowledge, ours is the first study to report that the switch from paxillin to Hic-5 does not occur in murine platelets. Furthermore, it has been shown previously that Hic-5 becomes tyrosine phosphorylated following stimulation of human platelets with PMA, GPCR agonists such as thrombin and TXA 2 analogues, or the GPVI receptor agonist, collagen, and that RGD peptides, which block binding of fibrinogen to activated α IIb β 3 , block GPCR-induced tyrosine phosphorylation of Hic-5 [38] . Our results expand upon this previous study by showing that phosphorylated Hic-5 is able to recruit Csk and support phosphorylation of Lyn on its inhibitory C-terminal tyrosine residue. Furthermore, we show that a different paxillin family member, paxillin itself, serves this function in murine platelets. The finding that Hic-5 is not as effective a Csk-binding protein as is paxillin in murine platelets, even though it is expressed as abundantly, suggests that paxillin and Hic-5 have different affinities for Csk. Finally, the finding that paxillin and Hic-5 in murine platelets became tyrosine phosphorylated and bound Csk upon direct binding of fibrinogen to activated α IIb β 3 , whereas tyrosine phosphorylation of and Csk binding to Hic-5 in human platelets required platelet aggregation, indicates that aggregationdependent, post-ligand-binding events [45] are required to activate the Csk-binding function of paxillin family members in human but not murine platelets, lending support to the notion that human and murine platelets might activate pathways to regulate SFKs in fundamentally different ways.
The SFKs associated with paxillin family members are in the best position to be regulated by Csk recruited to tyrosine phosphorylated paxillin and Hic-5. We found that, in human and murine platelets, Lyn, but not Src or Fyn, is associated with members of the paxillin family in a manner that is independent of their tyrosine phosphorylation state, suggesting that this interaction may be mediated by the SH3-domain of Lyn and a proline-rich region within these paxillin family members. The N-terminus of paxillin contains a proline-rich region that has characteristics of an SH3-binding motif [46] , and Hic-5 also contains prolinerich segments, which may serve as potential SH3-domain-binding sites [36] . Paxillin has been shown to bind to a GST fusion protein containing the SH3 domain of c-Src [44] and to support constitutive binding of Src in a breast carcinoma cell line [47] . The present study is the first to show that the SFK associated with paxillin and Hic-5 in platelets is Lyn. We also observed that the fraction of Lyn that is constitutively associated with these paxillin family members in platelets becomes phosphorylated on its C-terminal inhibitory tyrosine residue, coincident with Hic-5 and paxillin tyrosine phosphorylation and Csk recruitment. Nevertheless, the effect of Csk-mediated inhibition of Hic-5/paxillinassociated Lyn has yet to be determined. Platelets express several SFK members, and it has been proposed that certain SFKs regulate different aspects of platelet signalling [16] . The role played by Lyn in platelet activation is particularly complex, since Lyn deficiency was found to initially delay signalling, but subsequently potentiate responses such as spreading and aggregation, in platelets activated via GPVI, suggesting that Lyn both facilitates GPVI signal transduction and participates in a novel inhibitory pathway in platelets [10] . In support of a negative regulatory role for Lyn in platelets, Maxwell et al. [48] , have shown previously that platelets deficient in either Lyn or the inositol phosphatase, SHIP (SH2-containing inositol phosphatase-1), exhibit enhanced spreading on fibrinogen and calcium mobilization, suggesting that both Lyn and SHIP act as negative regulators of α IIb β 3 -mediated outside-in signalling. Because of the pleiomorphic effects of Lyn deficiency, examining the function of platelets from genetically engineered mice in which the ability of Lyn to associate with paxillin family members has been impaired will be required to determine the specific function mediated by paxillin/Hic-5-associated Lyn. In conclusion, the results of the present study suggest a model in which integrin engagement-dependent Hic-5 tyrosine phosphorylation in human platelets and paxillin tyrosine phosphorylation in murine platelets contributes to negative regulation of Lyn activity (Scheme 1). Platelet aggregation results in tyrosine phosphorylation of Hic-5 and paxillin, with which Lyn is constitutively associated via its SH3 domain (Scheme 1A). Tyrosine-phosphorylated Hic-5 and paxillin provide docking sites for the SH2 domain of Csk, resulting in the juxtaposition of the kinase domain of Csk with the C-terminal inhibitory tyrosine residue (Tyr 507 ) of paxillinor Hic-5-associated Lyn (Scheme 1B). Csk phosphorylates Tyr 507 of Lyn, enabling this phosphotyrosine residue (pTyr 507 ) to engage in an intramolecular interaction with the SH2 domain of Lyn that inhibits Lyn activity (Scheme 1C). The specific SFK-dependent pathways in platelets, e.g. those involved in signalling by the GPVI collagen receptor, the GPIb/V/IX receptor for VWF, or integrins, that are modulated by Csk binding to paxillin family members, and the extent to which other Csk binding proteins regulate these pathways, remain the subjects of interesting and important future investigations.
